The efficacy of intra-arterial administration of nimodipine (IAN) in patients with severe vasospasm after aneurysmal subarachnoid hemorrhage (SAH) remains unproved. The goal of the present study was to investigate the clinical effect and cerebral perfusion after IAN in patients with severe vasospasm refractory to hemodynamic treatment.
S
evere cerebral vasospasm constitutes the dominant factor of secondary morbidity and mortality after aneurysmal subarachnoid hemorrhage (SAH). [1] [2] [3] [4] The current strategies for preventing vasospasm comprise the systemic administration of the calcium channel blocker nimodipine. [5] [6] [7] Moreover, the use of intracisternal thrombolysis 8 and the intracisternal application of nicardipine-prolonged implants 9, 10 demonstrated effectiveness in preventing cerebral vasospasm. Despite these treatment methods, 6 ,11 the rate of vasospasmrelated permanent disability is estimated as totaling 10%-20%. 12, 13 Meta-analyses on the efficacy of hemodynamic therapy are partially contradictory but usually recommend hemodynamic optimization for symptomatic vasospasm. 6, [13] [14] [15] For symptomatic vasospasm refractory to hemodynamic therapy, endovascular strategies such as balloon angioplasty 16 and intra-arterial spasmolysis with papaverine 17 or nimodipine 18 have been recommended. Balloon angioplasty was found effective, but the procedure is limited to proximal vessel segments. In addition, it demands an experienced endovascular surgeon and is associated with significant risk. 19, 20 Intraarterial papaverine has been shown to reverse angiographic vasospasm and to reduce the velocities as detected by transcranial Doppler (TCD). 17, 21 However, clinical trials have failed to demonstrate the effectiveness of intra-arterial papaverine on outcome. 22 The most likely reason for this failure is the short duration of effect that has been documented: it is limited to a mere few hours. 23 Intra-arterial nimodipine (IAN) in patients with severe vasospasm has been reported by several authors. [24] [25] [26] Data from a larger series by Biondi et al 18 suggested that IAN is effective and safe for the treatment of vasospasm after SAH. However, no information regarding the influence of IAN on cerebral perfusion is available. Moreover, there is a lack of information about the duration of effect.
The objective of the present study was to investigate the effect and duration of the action of IAN by repeated assessment of the clinical condition with TCD, digital subtraction angiography (DSA), and perfusion measurements by means of perfusion CT (PCT).
Methods

Patient Population
The prospective study was approved by the local research ethics committee as a last resort therapy. Two hundred fourteen patients with aneurysmal SAH were admitted to our department of neurosurgery between March 2006 and March 2007. All patients were managed according to a standardized treatment protocol. Angiography and surgical or endovascular obliteration of the aneurysm were performed within 24 hours after admission. The patients were subsequently cared for in the intensive care unit. No prophylactic hypertensive and hypervolemic therapy was performed. Prophylactic intravenous nimodipine at 2 mg/h was given for at least 7 days or longer in case of clinical and/or Doppler sonographic or angiographic vasospasm, followed by tapering oral administration for another week. Dexamethasone, 4 mg every 8 hours, was given for 3 days and then tapered off during another 3 days. The neurologic condition was recorded hourly for routine monitoring. TCD examinations were performed daily. According to our protocol, a routine control DSA was performed on days 5-7 after the index SAH. PCT measurements with calculation of the mean transit time (MTT), the selective time to peak of the brain parenchyma (Tmax), 27 ,28 the regional cerebral blood volume (rCBV), and the regional cerebral blood flow (rCBF) were integrated into the investigation of cerebral vasospasm after SAH as previously suggested. 29, 30 According to our protocol, these perfusion investigations were performed on day 1, days 3-4, and days 9 -11 after the initial SAH. 28 Whenever vasospasm was suggested, additional examinations were performed. Hypertensive and hypervolemic therapy was applied to asymptomatic and symptomatic patients with TCD flow acceleration above 120 cm/s and/or moderate perfusion reduction as demonstrated by perfusion CT. Moderate hypertensive and hypervolemic therapy was used for oligosymptomatic patients and aimed at cerebral perfusion pressure (CPP) levels between 80 and 120 mm Hg and a central venous pressure Ͼ6 mm Hg. Maximal hemodynamic therapy was used for progressively symptomatic vasospasm and aimed at CPP levels Ͼ120 mmHg and a central venous pressure in excess of 10 mm Hg.
Confirmation of Cerebral Vasospasm
The observation of cerebral vasospasm was based on clinical, sonographic, PCT, and angiographic measurements. The confirmation of cerebral vasospasm was based on the angiographically defined vascular constriction. After aneurysmal SAH, the following patient groups in addition to the routine control were referred to angiography: 1) conscious patients with new delayed ischemic neurologic deficits, 2) conscious or comatose patients with intracranial flow velocities as detected by TCD of Ͼ150 cm/s or increase of flow velocity Ͼ40 cm/s within 1 day, and 3) patients with highly pathologic perfusion parameters monitored by PCT. 27 Narrowing of the arterial diameter of Ͼ30% from baseline was defined as angiographic vasospasm. Balloon angioplasty was performed whenever possible for proximal segmental vasospasm. IAN was performed for diffuse and peripheral vasospasm. In all cases, a baseline PCT was obtained before the endovascular intervention.
Application of IAN
After confirmation of hemodynamically relevant vasospasm by angiography, the standardized IAN was initiated immediately. After the selective positioning of the microcatheter within the internal carotid artery (C1/C2 segment), a bolus of 0.8 mg of nimodipine was administered slowly, followed by a second bolus application 5 minutes later. The follow-up angiography was performed 10 minutes later. In cases of minor angiographic effect after the second bolus injection, the patients were considered for continuous IAN for 2 hours (4 mg/h). In cases of no angiographic effect, IAN was considered as failed; the patients were excluded from further analysis and were treated according to our experimental algorithm with the intrathecal application of nimodipine.
Assessment of Effectiveness of IAN
The efficacy of IAN was assessed by monitoring the following: 1) the neurologic condition of the conscious patients, 2) TCD examinations, 3) PCT measurements, and 4) PCT follow-up measurements. The neurologic examination of the patients was performed according to the Glasgow Coma Scale (GCS). The flow velocities as detected by daily TCD were monitored in the segments of the internal, middle, and anterior cerebral arteries of both hemispheres. The mean value was calculated from the sum of obtained flow velocities. PCT measurements with calculation of MTT, Tmax, rCBV, and rCBF were also obtained to measure the effect of IAN. New ischemic lesions on the CT scan after initiating the IAN were considered to be related to persistent vasospasm after treatment.
Patient Outcome
The clinical outcome was assessed according to the modified Rankin Scale (mRS) at the time of discharge and again 3 months later.
Statistical Analysis
Data are presented as median (interquartile range) and relative frequencies for continuous and categoric variables, as appropriate. Statistical analyses were performed with a paired signed rank test for intraindividual comparisons. A 2-tailed value of P Ͻ .05 was considered significant. Box-plot profiles were used to present the sample dynamics by time. Spearman correlation coefficients were used to quantify the correlation between the blood flow velocity measured with TCD and the perfusion parameters (MTT, Tmax, rCBV, rCBF) measured with PCT. To examine the potential impact factors on the profile of flow velocity measured from pre-to postintervention, we used the generalized estimating equation (GEE) approach 31 because it produces a summary estimate of the group effect averaged over the follow-up time, taking into account the correlation of the repeated measurements for a patient. P values have not been adjusted for multiple testing because the present analysis is of an exploratory nature and the trial had not been powered for the present comparisons. Analyses were performed with the SAS statistical package (Version 8.0; SAS Institute, Cary, NC).
Results
Of the 214 patients with aneurysmal SAH treated between March 2006 and March 2007, 26 (12.1%) met the criteria of hemodynamically relevant cerebral vasospasm as defined previously and were selected for IAN. The mean age of patients in the study group was 48.5 years (interquartile range, 42-58 years). The male-to-female ratio was balanced. The distribution of World Federation of Neurological Surgeons (WFNS) grades, Fisher grades, localization of the aneurysm, and the occurrence of vasospasm according to the time after SAH are listed in Table 1 .
Individual Treatment Schedule and Postinterventional Angiographic Results
Overall the number of treatments amounted to 42 intra-arterial nimodipine applications for the 26 patients (range, 1-5 treatment sessions per patient). In 24 sessions, the IAN was bilateral, whereas a unilateral IAN was performed during 18 applications. Eight (30.7%) patients dropped out because of no measurable angiographic effect (vessel diameter and circulation time) of IAN and were, therefore, considered as treatment failures. The further analysis to determine the effect of IAN was restricted to 18 patients treated with a total of 22 sessions. The average dose per session was 1.6 mg (range, 0.8 -3.2 mg). Four (22.2%) patients received a balloon angioplasty (PTA) before IAN, whereas 14 (77.8%) patients were treated with IAN initially. Due to only minor initial angiographic effect, 3 (16.6%) patients received an additional unilateral con-tinuous infusion of 4 mg/h for 2 hours. According to the arterial diameter and the circulation time, the early positive angiographic effect was classified as "minor," "moderate," or "major" improvement. "Minor" changes were classified angiographically by observation of the reduced circulation time only, "moderate" changes consisted of reduced circulation time and reduction of the vasospastic segmental narrowing, and a "major" response included a complete angiographic reversal of the cerebral vasospasm. The individual characteristics are summarized in Table 2 . Eleven (61.1%) of 18 patients 
Note:-ACA, anterior cerebral artery; MCA, middle cerebral artery; ICA, internal carotid artery; PCA, posterior cerebral artery; VA, vertebral artery; l, left-sided; r, right-sided; b, bilateral; DSA, digital subtraction angiography; PTA, balloon angioplasty; (ϩ), minor changes; ϩ, moderate changes; ϩϩ, major changes.
were clinically assessable. Within this group, the neurologic condition remained unchanged during the 24 hours after IAN for 7 patients, whereas 2 patients demonstrated an improvement and another 2 patients experienced a deterioration of the neurologic condition according to the GCS.
Effects of IAN on Flow Velocity as Detected by TCD
The pooled TCD analysis of the study group comparing the results obtained directly before and the day after the IAN demonstrated a transient increase of flow velocity. This increase was statistically significant (P ϭ .03, with the signed rank test for intraindividual comparison). However, no trend was evident during the 7 days following the intervention (Fig 1) . Those patients who had undergone PTA first had 20.7-cm/s lower TCD values on average with time than those patients without PTA (P ϭ .0051 with the GEE model). Patients with a total dose of Ͻ3.2 mg had 13.9-cm/s higher TCD values averaged with time than those patients receiving doses of Ͼ3.2 mg (P ϭ .08 with the GEE model).
Effects of IAN on Cerebral Perfusion as Detected by PCT
The MTT, Tmax, rCBV, and rCBF were monitored for each hemisphere in terms of hemispheric mean values. 27 One day after IAN, the pooled Tmax data demonstrated a statistically significant reduction (P ϭ .03, with the signed rank test for intraindividual comparison). Moreover, the pooled MTT 1 day after IAN indicated a trend toward reduction (P ϭ .17, with the signed rank test for intraindividual comparison) as detected by PCT (Table 3 ). This effect was not measurable during further follow-up (Figs 2, 3 ).
Patient Outcome
Additional ischemic lesions after IAN related to cerebral vasospasm were documented in 11 (61.1%) patients. Nine ischemic lesions were classified as minor lesions, whereas 2 were identified as major infarction on CT. Seven (38.9%) patients developed no additional cerebral minor or major infarction. The outcome as classified by mRS is summarized in Table 4 . At the time of discharge, the clinical examination of 11 patients revealed a good condition (mRS 0 -2), 1 patient showed a moderate status (mRS 3-4), and 6 patients were classified as having a poor outcome (mRS 5-6). mRS on 3-month follow-up is listed in Table 4 .
Adverse Effects of IAN
In the study group, 6 patients experienced an arterial blood pressure decrease of Ͼ20 mm Hg systolic after the initial bolus despite hypertensive and hypervolemic therapy. This adverse effect was temporary and could be treated easily and quickly with an increase of the vasoactive medication. One patient died 1 day after IAN due to progressive intracranial hypertension.
Illustrative Case
Case 12 is a 33-year-old male patient with aneurysmal SAH, WFNS grade I, and Fisher grade III. DSA revealed a middle cerebral artery aneurysm on the left side, surgically occluded. Seven days after the index bleeding, the patient's neurologic condition deteriorated, DSA demonstrated a severe vasospasm in the left M1 and M2 segments (Fig 4A) , and the patient was selected for IAN. The DSA performed 10 minutes after the injection of 1.6-mg nimodipine revealed a reduction of the vasospasm (Fig 4B) . PCT approximately 24 hours afterIAN demonstrated a further reduction of MTT and Tmax (Fig 4C) . No ischemic lesions were documented on CT at the time of discharge (Fig 4D) , and the patient did not develop neurologic impairment.
Discussion
The present prospective study has demonstrated the effect of IAN on severe cerebral vasospasm after aneurysmal SAH that was resistant to systemic therapy. In addition, a correlation to cerebral perfusion as detected by PCT was performed to define the duration of IAN efficacy on cerebral vasospasm. One limitation of the study is the lack of a control group. The application of IAN was introduced exclusively as a rescue therapy. Because of imminent infarction, no control group was included in the study. All patients selected for this treatment had severe vasospasm that was refractory to all established therapies such as systemically applied nimodipine, hemodynamic treatment, or balloon angioplasty. A further limitation is presented by the small sample size, precluding subgroup analysis. In addition, due to the limited experience with IAN after SAH, dose selection had to be based on exper- imental data, the intravenous doses of nimodipine established in several trials, and on previous published trials of IAN. 6, 18, 32 The endovascular methods used to treat cerebral vasospasm such as balloon angioplasty, intra-arterial papaverine (IAP), or IAN are widely accepted as rescue therapies, though their effectiveness with regard to the neurologic outcome has still not been proved. 6 Balloon angioplasty has been convincingly shown to enlarge the diameter of the treated arterial segments, but the procedure is limited to proximal vessel segments. In addition, it demands an experienced endovascular surgeon and is associated with significant risks. 19, 20 IAP has been demonstrated to reverse angiographic vasospasm and to reduce flow velocities as detected by TCD. 17, 21 However, clinical trials have failed to demonstrate the effectiveness of IAP on the outcome. 22 The most plausible explanation for this failure is the transient action of IAP, which is limited to a few hours. 23 Moreover, IAP appears to be neurotoxic, particularly in the posterior circulation. 33 The systemic administration of the calcium channel blocker nimodipine was proved to be effective on clinical outcome after SAH in a number of randomized trials. [5] [6] [7] Less evidence is available with regard to the effectiveness of IAN. Firat et al 32 have shown, in an experimental SAH model in rabbits, that IAN can effectively reduce basilar and vertebral artery vasospasm angiographically. Moreover, this effect was demonstrated to be superior to IAP. A limitation of this experiment was the lack of a histopathologic examination with regard to ischemic lesions.
In the context of the intra-arterial treatment of cerebral vasospasm, a number of clinical trials involving the intra-arterial application of the calcium channel blockers nimodipine or nicardipine (which belong to the group of dihydropyridines) or verapamil (as a phenylalkylamine) have been reported. 18, [34] [35] [36] The intra-arterial administration of verapamil was demonstrated to be safe, but beneficial effects were only documented in some patients. 35 The intra-arterial administration of nicardipine was shown to be safe and effective on vasospasm 34, 36 ; nevertheless, perfusion measurements were not performed.
Against the backdrop of published experimental and clinical data and the proved effectiveness of systemic application, we chose to use the calcium channel blocker nimodipine in the current study for intra-arterial therapy. Nevertheless, a potential conflict with the receptor-binding status for the group of dihydropyridines for patients who had already been treated systemically with nimodipine is recognized. 37 IAN in patients with severe vasospasm has been reported by several authors. [24] [25] [26] Data from a larger series by Biondi et al 18 demonstrated that IAN is effective and safe for the treatment of vasospasm after SAH. In this trial, 25 patients treated The present study completes the examination of the effectiveness of IAN by additionally investigating the cerebral perfusion by means of repeated PCT. Therefore, the results provide a survey of the immediate and lasting efficacy of IAN.
Due to its pharmacologic action, a direct angiographic reaction of IAN was expected. Therefore, our protocol called for exclusion of patients from further IAN and analysis who did not show any early angiographic effectiveness. IAN was considered ineffective in these patients. Eight (30.7%) of 26 patients were classified as resistant to IAN; this group was treated further with intrathecal nimodipine. In the study by Biondi et al, 18 the rate of angiographic failure was 37%, and a selective analysis of this subgroup would be interesting. In the other patients, the direct short-term effect assessed by DSA was classified as minor in 5 sessions, in 7 sessions as moderate, and in 10 sessions as major with regard to vessel diameter and circulation time. However, among these 22 sessions, 5 treatments included primary balloon angioplasty and 3 treatments were followed by continuous IAN because of minor effectiveness.
Eleven (61.1%) of our 18 patients with some immediate effect of IAN were clinically assessable. In 7 patients, the neurologic condition remained unchanged, whereas 2 patients demonstrated an immediate neurologic improvement. Never- 18 who demonstrated a clinical improvement in 76% of the patients after IAN.
The importance of the PCT parameters Tmax and MTT for analysis of cerebral vasospasm should be emphasized. 30 In our study on day 1 after IAN, the pooled Tmax data demonstrated a statistically significant reduction (P ϭ .03). The pooled MTT 1 day after IAN indicated a trend toward a reduction (P ϭ .17). These results demonstrated the effectiveness of IAN after 24 hours in the patient population, with a positive short-term response as detected by DSA. Therefore, the effect of IAN on cerebral perfusion as measured by PCT appears to be more enduring than that with IAP. 23 However, the effect of IAN as measured by PCT vanished during further follow-up.
The pooled TCD analysis of the study group demonstrated a transient increase in flow velocity (P ϭ .03) when comparing the results obtained before and the day after the IAN. However, no trend was suggested during the next 7 days after intervention. The interpretation of the TCD analysis and the results of PCT leave some room for speculation. A similar trend with regard to TCD was observed in other recent studies. 23, 38 The low sensitivity of TCD with regard to the effect of IAN can be explained by the fact that simultaneous dilation of proximal and peripheral arterial segments neutralizes the net effect on flow velocities as assessed by TCD. 39 Additional ischemic lesions despite IAN were documented in 11 (61.1%) of our patients. Nine ischemic lesions were classified as minor lesions, whereas 2 were considered as major infarction on CT. In comparison with studies using IAP, 23 this radiologic outcome after IAN with regard to infarction appears to be more favorable.
At the time of discharge, the clinical condition of 11 patients was classified as good (mRS 0 -2), 1 patient had a moderate status (mRS 3-4), and 6 patients had a poor outcome (mRS 5-6). In comparison with studies using IAP, 23 the clinical outcome also appears to be more favorable.
In the present trial, 2 patients were given a total dose of 0.8 mg, 7 patients received 1.6 mg, and 9 patients received Ն3.2 mg. Because of the limited number of patients in the respective subgroups, no clear trends could be identified. A dichotomization according to dosage was then conducted. With time, patients with a total dose of Ͻ3.2 mg seemed to have higher average TCD values than those patients dosed with Ͼ3.2 mg, though this was without statistical significance (P ϭ .08 with GEE model).
Hypotension is well known as the most dominant side effect of systemically applied nimodipine. 11 In our study population, 6 patients experienced an arterial blood pressure decrease of Ͼ20 mm Hg systolic after the initial bolus, despite the already-instituted hypertensive and hypervolemic therapy. In all patients, this effect was temporary and could easily be treated within 1 minute by adjusting the vasoactive medication. Nevertheless, this demonstrates that patients always need to be monitored during and after the IAN procedure.
The application of IAN was introduced exclusively as a rescue therapy. Because of imminent infarction, no control group was included in the study. All included patients had vasospasm refractory to all established therapies such as systemically applied nimodipine and hemodynamic therapy.
Conclusion
In conclusion, IAN has a direct positive response in most patients with a refractory vasospasm after standard therapy, reducing angiographic vasospasm and increasing cerebral perfusion as detected by PCT after 24 hours. However, the efficacy of IAN was shown to be temporary, and IAN can save only patients at the peak of vasospasm, who have a tendency to improve during the following days. Therefore, the search for alternative treatment strategies to reduce cerebral vasospasm and to improve patients' outcomes, such as continuous intrathecal drug application, must be continued. 
